Measurement of R = ai/ ar in Deep-Inelastic Scattering on Nuclei 
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Cross section ratios for deep-inelastic scattering from He, N and Kr with respect to H have 
been measured by the HERMES collaboration at DESY using a 27.5 GeV positron beam. The data 
cover a range in the Bjorken scaling variable x between 0.010 and 0.65, the negative squared four- 
momentum transfer varies from 0.5 to 15 GeV'^, while at small values of x and , the virtual 
photon polarisation parameter e extends to lower values than previous measurements. From the 
dependence of the data on e, values for Ra / Rd with R the ratio cr^ /ctt of longitudinal to transverse 
DIS cross sections have been derived and found to be consistent with unity. 



In 1993 the EMC collaboration published a significant 
difference between the deep-inelastic scattering (DIS) 
cross sections per nucleon on iron and deuterium ||l[ , indi- 
cating that the quark momentum distributions in bound 
nucleons differ from those in free nucleons. This phe- 
nomenon is known as the EMC effect at large values of 
the Bjorken scaling variable x{x > 0.1), and as shadowing 
at lower values of x 

With ^2(2^) found to be A-dependent, it is relevant 
to investigate whether this dependence is the same for 
its longitudinal and transverse components, Fl(x) and 
Fi{x). The latter two structure functions are related to 
F2{x) yvaFl{x) = + /v^)F2ix) - 2xFi{x) with -Q^ 
the square of the four-momentum transfer, 1^ the energy 
transfer, x = l2Mv and M the nucleon mass. A pos- 
sible difference between the A-dependences of Fl {x) and 
Fi (x) can be investigated by measuring the ratio of lon- 
gitudinal to transverse deep-inelastic scattering cross sec- 
tions R — cr^/aT = Fl{x)/2xFi{x) for various nuclear 
targets. While several such studies have been reported 
^, H , none of these has provided values of R in the 
kinematic regime x < 0.06 with < IGeV^. This re- 
gion is the focus of the present paper. 

In deep-inelastic charged lepton scattering from an un- 
polarised target, the double-differential cross section per 
nucleon can be written in the one-photon exchange ap- 
proximation as 
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where y = v/E, (TMott represents the cross section for lep- 
ton scattering from a point charge, and E and E' are the 
initial and final lepton energies in the target rest frame, 
respectively. The virtual photon polarisation parameter 
is given by 



4(l-y)-QVi?2 



(2) 



4(l-?;) + 2y2 + Q2/^2- 
The ratio of DIS cross sections on nucleus A and deu- 



terium D (=^H) is then given by: 

OA ^ F^ (1 + eRA){l + Rd) 
<JD F^ [l + Ra){1 + eRoY 



(3) 



where Ra and Rd represent the ratio OhjoT for nucleus 
A and deuterium. To facilitate easier interpretation and 
in accordance to the literature, here and throughout this 
paper all cross sections are defined as cross sections per 
nucleon and are converted to cross sections for isoscalar 
nuclei, i.e. the measured cross sections are divided by 
the atomic number A and corrected for any difference in 
the number of protons and neutrons: 



CA 



-nucleus 



od Zap + {A- Z)an ' 
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where o-™cie«s jg ^-^e DIS cross section per nucleus for 
nucleus A and Up and (t„ are the DIS cross sections on 
the proton and the neutron. In practice, a'^'^^^'^^ j a u is 
converted to aA/<^D using the known cross section ratio 

For e ^ 1 the cross section ratio equals the ratio of 
structure functions F2 / F2 ■ For smaller values of e the 
cross section ratio is equal to F^ / F^ only if Ra = Rd ■ 
A difference between Ra and Ro will thus introduce an 
e-dependence oi cta/c^d- Hence, measurements oi aA/<yD 
as a function of e can be used to extract experimental 
information on Ra/ Rd, if Rd is known. 

In this paper we present data from the HERMES ex- 
periment on the cross section ratio for deep-inelastic 
positron scattering off helium-3, nitrogen and krypton 
with respect to deuterium. The helium-3 and nitrogen 
data were published in a previous letter Q. Recently, 
those data were found to be subject to an A-dependent 
tracking inefficiency of the HERMES spectrometer 
which was not recognised in the previous analysis. The 
resulting correction of the cross section ratios is signifi- 
cant at low values of x and and substantially changes 
the interpretation of those data. The data presented here 
were corrected for this effect and supersede those pub- 
lished in Ref. 0. 

The data were collected by the HERMES experiment 
at DESY using ^H, ^H, ^He, and ^-^Kr molecular gas 
targets internal to the 27.5 GeV positron storage ring 
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of HERA. The target gases were injected into a 40 cm 
long, tubular open-ended storage cell inside the positron 
ring. The luminosity was measured by detecting Bhabha- 
scattered target electrons in coincidence with the scat- 
tered positrons, in a pair of NaBi(W04)2 electromagnetic 
calorimeters. 

The HERMES spectrometer |^ is a forward angle in- 
strument which is symmetric about a central horizon- 
tal shielding plate in the magnet. Both the scattered 
positrons and the hadrons produced can be detected and 
identified within an angular acceptance of ± 170 mrad 
horizontally, and 40 - 140 mrad vertically. The trigger 
was formed from a coincidence between signals of three 
scintillator hodoscope planes and a lead-glass calorime- 
ter where a minimum energy deposit of 3.5 GeV was re- 
quired. Positron identification was accomplished using 
the calorimeter, the second hodoscope, which functioned 
as a preshower counter, a transition-radiation detector 
and a Cerenkov counter. This system provided positron 
identification with an average efficiency of 99 % and a 
hadron contamination of less than 1 %. 

Deep-inelastic scattering events were extracted from 
the data by imposing constraints on {Q^ > 0.3 GeV^), 
W (the invariant mass of the photon-nucleon system, re- 
quired to be greater than 2 GeV), and y {y < 0.85). 
At very low x and high y, the nuclear cross sections are 
dominated by radiative processes associated with elastic 
scattering. To limit these contributions, a minimum x 
value of X ~ 0.01 was required. 

As the ratio cta/o'd involves nuclei with different num- 
bers of protons, radiative corrections do not cancel in the 
ratio. In particular, the yield of radiative processes asso- 
ciated with elastic scattering scales with Z'^ and thus dif- 
fers for the two target nuclei. At small values of apparent 
X and (inferred from the kinematics of the scattered 
positron), corresponding to large values of y, the con- 
tribution from radiative elastic scattering becomes large. 
In this kinematic region, the associated energetic pho- 
tons radiated at small angles can produce electromag- 
netic showers that cause large tracking inefficiencies [||. 
Corrections for these process-specific inefficiencies must 
be applied, since they increase in severity as the Z of 
nuclear targets increases. 

These track reconstruction losses in the HERMES de- 
tector have been simulated in detail using the GEANT- 
based Monte Carlo description of the experiment. The 
probability of photon emission is modelled following the 
description of Mo and Tsai |10 , and has been carefully 



compared to other calculations of radiative processes. All 
materials close to the beam pipe have been implemented 
in detail and the effect of the minimum energy of the 
secondary particles tracked through the detector was in- 
vestigated. The resulting reconstruction losses at low x 
and strongly depend on the target material and show 
a strong variation with y, and consequently with x and 
Q^. The ratios of the reconstruction efficiencies rj for tar- 



get nucleus A compared to deuterium are shown in Fig. |i| 
as a function of x, for the various target materials used in 
the HERMES experiment. For completeness, this figure 
includes points at smaller values of x than are employed 
in the present analysis. 
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1: Ratio of track reconstruction efficiencies in ^H, 
He, ^''N and *'*Kr with respect to as function of x. The 
hatched areas represent the systematic uncertainties for the 
N/D (cross hatched) and Kr/D (slanted hatched) efficiency 
ratios. The systematic uncertainties for the H/D and He/D 
ratios are smaller than that of the N/D ratio and are not 
shown. 



The systematic uncertainty of this correction was es- 
timated using the fact that the HERMES spectrome- 
ter consists of two independent detectors above and be- 
low the positron beam. For about 50 % of the events 
with a hard radiated photon the resulting electromag- 
netic shower is contained in one detector while the scat- 
tered electron is found in the other detector. While these 
events are rejected by the standard HERMES reconstruc- 
tion algorithm because of their high total multiplicity, 
they can be reconstructed when one considers the two 
detectors independently. The number of events gained 
in this way strongly depends on the details of the elec- 
tromagnetic shower - especially on the energy of the ra- 
diated photon and the exact position where the photon 
hits any material - and thus provides a good measure of 
the quality of the MC simulation. Reasonable agreement 
between the data and the simulation is found for all tar- 
get materials. Fig. |^ shows as a function of apparent x 
the fractional change in the yield ratios when treating the 
upper and lower spectrometer halves independently, both 
for the data and the MC simulation. Here the yields from 
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the two detector halves have been averaged. A difference 
between the yields in the upper and the lower detector 
observed in the data is attributed to a relative misalign- 
ment between the two detectors. As is typical practice 
for combining results which are statistically incompati- 
ble , the statistical uncertainty of the weighted mean 
is scaled by the square root of ■ The difference between 
the yields in the two detectors is significant only in the 
krypton data at low x {x < 0.03) where the reconstruc- 
tion efficiency quickly changes with x and the difference 
can be up to 10 %. The difference between the data and 
the MC simulation is treated as a systematic uncertainty. 
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FIG. 2: Comparison between data (points) and MC simula- 
tion (histogram) for the fractional change in the cross section 
ratios when treating the upper and lower HERMES detector 
halves independently. 

The track reconstruction inefficiency mainly affects ra- 
diative elastic and to some extent quasielastic events. 
These and all other radiative processes have been com- 
puted using the method outlined in Ref. For the 
evaluation of the coherent radiative tails, the nuclear elas- 
tic form factors must be known. Parameterisations of 
the form factors of ^H, '^He, -'^'^N and ^''Kr were taken 
from the literature |l^, |l6). For the quasi-elastic 
tails, the nucleon form factor parameterisation of Gari 
and Kriimpelmann Q was used. The reduction of the 
bound nucleon cross section with respect to the free nu- 
cleon one (quasi-elastic suppression) was evaluated us- 
ing the results of a calculation by Bernabeu for 
deuterium and the non-relativistic Fermi gas model for 
^He, i-^N and ^'^Kr The evaluation of the inelastic 
QED processes requires the knowledge of both F2 and R 
over a wide range of x and Q^. The structure function 
F^{x,Q'^) was described by a Regge motivated parame- 



terisation of the proton structure function -^^(a;, Q^) pc| ] 
multiplied by the NMC measurement of F^/F^ [§; for 
Ro the Whitlow parameterisation pTl was used. The 
nuclear structure functions i^^(a;, were taken from 
phenomenological fits to the SLAG and NMG data, and 
RAixjQ"^) was assumed to be equal to Rd{x,Q^). The 
effects of all radiative processes were subtracted from the 
measured yields and the statistical errors propagated ac- 
cordingly. This method avoids the possible large model 
dependence that can result from multiplicatively apply- 
ing radiative corrections |Q . Because of the reconstruc- 
tion inefficiency explained above, only those radiative 
events actually seen by the HERMES spectrometer were 
subtracted. 

For high-Z targets such as krypton, the probability 
for the exchange of more than one photon becomes non- 
negligible. The corresponding amplitudes lead to a de- 
structive interference with the leading amplitudes. For 
the dominant contribution to the radiative corrections 
— the coherent radiative tail — this effect has been es- 
timated using the distorted wave function method [ p3[ , 
resulting into a 5-10 % reduction of the radiative elastic 
tail. Other contributions proportional to Z ■ aEM might 
be non-negligible but could not be estimated. 

The systematic uncertainty in the radiative correc- 
tions was estimated by using upper and lower limits of 
the parameterisations, or alternative parameterisations 
pl| , |2^ , p5| , for all the above input parameters. The 
resulting systematic uncertainty in the cross section ra- 
tio of Kr/D is about 6 % at low x, quickly falling to 
values smaller than 1 % for a; > 0.06. (As mentioned 
before this uncertainty does not include the effects of 
multiphoton exchange (Goulomb distortion) beyond the 
estimated contribution to the coherent elastic tail; these 
contributions might be non-negligible but could not be 
estimated.) Because of the smaller radiative contribu- 
tions, the uncertainties due to the radiative corrections 
in the cross section ratios of nitrogen and helium with 
respect to deuterium are about 3 % at low x. 

The effects originating from the finite resolution of 
the spectrometer and from the hadron contamination in 
the positron sample have been determined and found to 
be negligible. The overall normalisation uncertainty has 
been estimated from the luminosity measurements to be 
1.4 % for the He(N)/D data and 1 % for the Kr/D data. 

The results of the present analysis are shown in 
Fig. ^ as a function of x. Also shown are the results 



of the NMG 128| ^ |30[ and SLAG measurements 
of (jHe/o'D-, ocjoD and usn/cfD whcrc the NMG values 
for (Jsnl'^D have been obtained from the measurements 
of osnl'^c and (tc/<Jd- On average, the present data 
on UHe/<^D and un/<Jd are about 0.9 % below the cross 
section ratio reported by NMG. A similar difference is 
observed in comparison to the SLAG data which cover a 
smaller x but the same range than the HERMES data. 
As the normalisation uncertainty of the present data is 
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considerably larger than that of the NMC data (0.4 %), 
the OHe/o'D and UN/<yD results have been renormalised 
by 0.9 %. No such renormalisation has been applied to 
the Kr/D cross section ratios. For x values below x = 0.1, 
the present data on N/D and Kr/D are slightly below the 
NMC data but consistent within the present statistical 
and systematic uncertainties. 




FIG. 3: Ratio of isoscalar Born cross sections of inclusive 
deep-inelastic lepton scattering from nucleus A and D versus 
X. The error bars represent the statistical uncertainties, the 
systematic uncertainties are given by the error bands. The 
HERMES ^He/D and "N/D data have been renormaUsed by 
0.9 %. 
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FIG. 4: Ratio of isoscalar Born cross sections of inclusive 
deep-inelastic lepton scattering from nucleus A and D as func- 
tion of for fixed values of x. The error bars represent 
the statistical uncertainties. The HERMES ^''N/D data have 
been renormalised by 0.9 %. 
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The small discrepancy between the HERMES Kr/D 
and the NMC Sn/D data at 0.02 < a; < 0.08 is hkely 
due to the positive dependence observed in the NMC 
Sn/D data. This is better illustrated in Fig. ^ where 
the (Jn/o'd and <JktI<^d data are displayed as function 
of for fixed values of x together with the NMC data 
on acjoB and osn/o'D respectively. For x values below 
X = 0.08, the NMC data on asn/o'D show a significant 
positive dependence resulting into a difference be- 
tween the cross section ratio at the average of the 
NMC data (as displayed in Fig. |3|) and at the average 
of the HERMES data. While no significant depen- 
dence is observed in the cross section ratio of ^^N/D, the 
large uncertainties in the HERMES Kr/D data do not al- 
low to distinguish between a flat dependence and an 
extrapolation of the small positive dependence ob- 
served in the NMC measurement of <JSn/(^D- 
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FIG. 5: Ratio of isoscalar Born cross sections of inclusive 
deep-inelastic lepton scattering from nitrogen and deuterium 
(renormalised by 0.9 %) as function of e for fixed values of x. 
The error bars represent the statistical uncertainties. 



from each a;-bin. In this procedure it is assumed that 
both Ra/Rd and F^/F^ are constant over the hm- 
ited range covered by the data in each x-bin. The 
e-dependence of the ^''N/D cross section ratio is shown 
in Fig. ^. No sigificant e-dependence is observed. Similar 
conclusions hold for the other target nuclei. 

The values of F^/Ff derived from the fit of the HER- 
MES data are found to be consistent with previous mea- 
surements of NMC and SLAC. The resulting values of 
Ra/Rd are shown in Fig. |[ Also shown are the results of 
previous studies of the A-dependence of R. Existing data 
are usually represented in terms of AR — Ra ~ Rd- The 
published values of AR 1^, ^ |^ have been converted to 
Ra /Rd using a parameterisation for R d , and added 
to Fig. 0. All data are found to be consistent with unity. 
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FIG. 6: The isoscalar-corrected ratio Ra/Rd for several nu- 
clei (A) with respect to deuterium as a function of for 
four different x bins. The open triangles (^'^C) and crosses 
(*He) have been derived from the NMC data using Eq. 3. 
The other SLAC @| and NMC data ||| displayed have been 
derived from published values of AR = Ra — Rd and a pa- 
rameterisation for Rd- The inner error bars represent 
the statistical uncertainty and include the correlated error in 
F2/F2. The outer error bars represent the quadratic sum 
of the statistical and systematic uncertainties. In the upper 
panel the HERMES results at the lowest value have been 
suppressed because of its large error bar. 



To investigate a possible A-dependence of R{x,Q^), 
the cross section ratios have been fitted as a function of 
e for fixed values of x (Eq. 3). In these fits a parameteri- 
sation of Rd Q has been used, while the ratios Ra/Rd 
and F^ / F2 have been treated as free parameters. A 
single value of Ra/Rd and F^ /F^ has been extracted 



At low X, the HERMES cross section ratios on ^He and 
^■^N and the NMC measurements on ''He and '^^C have 
some common range. While the NMC measurements 
at these x and values have e values close to unity, the 
HERMES data cover a typical e range of 0.4 < e < 0.7. 
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Combining the two measurements thus increases the pre- 
cision on Ra/Rd- Because of the different experimental 
conditions of the NMC measurements on the heavy tar- 
gets no such overlap in x and exists for the HERMES 
krypton data and the NMC data on iron or tin. There- 
fore the determination of Ra/Rd on heavy nuclei is not 
improved by combining the HERMES and NMC data. 
The results of the fits to the HERMES and NMC data 
on helium and nitrogen (carbon) are displayed in Fig. |^ 
as a function of together with all other measurements 
of Ra/Rd on light and medium heavy nuclei. For 
values between 0.5 and 20 GeV^ and nuclei from He to 
Ca, Ra is found to be consistent with the R parametrisa- 
tion of Whitlow et al [^. As throughout this paper, this 
R parametrisation has been choosen in this comparison 
because it is dominated by data on the proton and the 
deuteron. In contrast, the more recent parametrisation 
by Abe et al. |^ is significantly influenced by nuclear 
data. The influence of the choice in the R parametri- 
sation is however very small. Averaging over all mea- 
surements of Ra/Rd for light and medium heavy nuclei 
gives an average value for Ra/Rd of 0.99 ± 0.03, a result 
which is unchanged if the data on the heavier nuclei are 
included in the average. 
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FIG. 7: The isoscalar-corrected ratio Ra/Rd for several nu- 
clei (A) with respect to deuterium as a function of . The 
HERMES and NMC data have been combined in the determi- 
nation of Ra/Rd- The other data are the same as in Fig. |^. 

In summary, deep-inelastic positron scattering data on 
^H, ^He, ^^N and are presented. The results ex- 

tracted for the ratios of the DIS cross sections on nu- 
clei to those on the corresponding sets of free nucleons is 
in good agreement with the results from previous mea- 
surements, after the data were corrected for a previously 



unrecognised A-dependent tracking inefficiency. No sig- 
nificant dependence is observed over the wide range 
in covered by the combined data set of HERMES and 
NMC. Values for the ratio of Ra/Rd with R the ratio 
(Tl/(Tt of longitudinal to transverse DIS cross sections 
have been derived from the dependence of the data on 
the virtual photon polarisation parameter e and found 
to be consistent with unity. The data presented in this 
paper extend the kinematic range in which Ra is found 
to be equal to Rd down to a; = 0.01 and = 0.5 GeV^. 
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